Based on solution hybridization using single-stranded probes, native mitochondria] DNA extracted from sea urchin eggs contains a displacement-loop (D-loop) of approximately 70-80 nt. This maps to the single extended unassigned sequence of the genome, between the genes for tRNA^ and tRNAp^,, which also appears to contain the origin of first-strand replication. The D-loop commences at or close to a site of supercoil-dependent SI nuclease hypersensitivity, adjacent to a run of 20 consecutive C residues, terminates near to the boundary of tRNA,,,,., and appears to be composed at least partly of RNA, based on the sensitivity of the assays to RNase H. These experiments imply that the mechanisms of replication initiation in sea urchin and vertebrate mtDNAs are very similar, and suggest that the developmental restriction on mtDNA synthesis in eggs and embryos is maintained at the level of D-loop extension.
INTRODUCTION
Vertebrate mitochondrial DNA (mtDNA) replicates by an unusual mechanism (reviewed in Ref. 1) which recalls some features of that of prokaryotic extrachromosomal DNA molecules. Primer synthesis involves the same RNA polymerase and transcription factor as used for the transcription of rRNA, mRNA and tRNA genes, which initiates at the single major promoter for L-strand transcription (LSP), located in an extensive 'non-coding' region (2, 3) . The 3' end of the primer appears to be created by an RNA processing event (1) (2) (3) (4) near to a conserved sequence element (CSB-II, Ref. 5) , some 100-200 nt downstream of transcriptional initiation (depending on species), and catalyzed by the RNAcontaining MRP endonuclease (4) . The primer is believed to base-pair in this region with the template strand, providing the substrate for extension by mitochondrial DNA polymerase (6) . Extension of the growing strand is optionally terminated, however, close to the boundary of the non-coding and coding sequences (7) , giving rise to a partially replicated molecule in which the parental H-strand is displaced over almost the entire non-coding region, forming the classical displacement loop (D-loop). The boundary of the D-loop is demarcated by a short (A+T)-rich sequence, which in some species is reiterated, and which functions in an unknown manner to abort replication (7, 8) . Productive replication involves readthrough of this site either on a new nascent strand or by reinitiation of pre-existing D-strands. In non-dividing cells, the D-loop is believed to be continuously resynthesized and degraded (8) .
Echinoderm mitochondrial DNA (9-11) is organized in a slightly different manner from that of vertebrates, with the tRNA genes predominantly clustered (as in fungal mtDNA) and the two rRNA genes spatially separated (in sea urchins) or encoded on different strands (in starfish). In both cases there is strong circumstantial evidence for subgenomic transcription units, with a conserved promoter sequence found at 5 -7 sites in the genome (9, 10) . The single extended unassigned sequence, located downstream of the tRNAĝ ene, contains several motifs which resemble those of the vertebrate (heavy-strand) replication origin, and the ori sequences of yeast mtDNA (12) , but with a much condensed spacing. In sea urchins this sequence can be as short as 121 bp (9) , though in starfish it is typically larger (400-500 bp; Ref 10) . The altered transcriptional organization of the genome compared with that of vertebrates raises the question whether echinoderm mtDNA replicates by a similar mechanism to vertebrate mtDNAs. If so, the traditional view of the D-loop as a device for co-regulating the initiation of replication and transcription (13) may need to be revised.
A previous study of sea urchin mtDNA replication by electron microscopy (14) failed to detect a D-loop form in egg mtDNA, even though a variety of replication intermediates were found in mtDNA extracted from oocytes. This contrasts with observations in vertebrate eggs where the D-loop form predominates (15) . However, a short D-loop, comparable in size with the unassigned sequence region of 121 bp, would almost certainly not be visualizable by electron microscopy.
Mitochondrial DNA synthesis is regulated in early development by an unknown mechanism, which appears to over-ride the tight cell-cycle control exerted in somatic cells. Repeated rounds of mtDNA replication during oogenesis, in the absence of nuclear DNA synthesis, are followed by a period of quiescence in the egg and early embryo (16, 17) . In sea urchins, mtDNA replication recommences only when the feeding larval (pluteus) stage is attained, and net growth resumes. This restriction on mitochondrial replication appears to require the presence of a nucleus, based on enucleation studies (18) (19) (20) .
In order to approach the question of how this regulation is achieved, we have carried out a series of structural studies of non-replicating mtDNA extracted from sea urchin eggs and of replication intermediates which are formed when mtDNA synthesis is precociously induced by enucleation. In this paper we report a structural analysis of the unassigned sequence region of sea urchin egg mtDNA, which demonstrates the existence of a short D-loop, confined to the non-coding sequences. The location of this D-loop supports our earlier view of the sea urchin unassigned sequence as a condensed version of the vertebrate replication origin (9) , and suggests that the block to productive mtDNA replication in eggs and early embryos is achieved at the level of D-loop extension. We propose a model to account for such regulation, based on a role for sequence-specific mtDNA-binding proteins, which will be developed further in a forthcoming paper describing our analysis of replication intermediates in activated enucleate fragments.
MATERIALS AND METHODS

Isolation of sea urchin egg mitochondria
Mitochondria were obtained from sea urchin eggs by a modification of the method of Devlin (21) . Eggs were shed from ripe Strongylocentrotus purpuratus females (purchased from Pacific Bio-Marine) by KG injection, extensively dejellied by two passages through 90 nm Nitex, washed twice in artificial sea water, and pelletted by low-speed centrifugation. They were resuspended in 8 volumes of ice-cold 1 XDEV (25 mM NaCl, 3 mM EDTA, 30 mM Tris/HCl pH 7.8), 0.25 M sucrose, and ruptured by Dounce homogenization. Nuclei and cortex fragments were removed by centrifugation at 2,5OOg mM for 20 mins at 4°, and the supernatant was recentrifuged (12,000 g^, 20 mins, 4°) to pellet mitochondria and remaining yolk. Pellets were resuspended in one-tenth of the original homogenization volume of ice-cold 1XDEV, 0.25 M sucrose, and layered over sucrose step gradients in lxDEV, comprising steps of 0.6 M (10 ml), 1.0 M (12 ml), 1.8 M (4 ml) and 2.0 M (4 ml). Tubes were centrifuged at 25,000 g^ (25K rpm, Beckman SW 28.1 rotor) for 30 mins at 4°, and mitochondria were collected from the 1.8 M/2.0 M interface. Such preparations contained almost all (> 95 %) the cytochrome oxidase activity in the gradient, exhibited no detectable contamination with the major yolk protein (ca. 160 Kd) on SDS-PAGE gels, and were approximately 100-fold enriched for mtRNA compared with total egg RNA preparations, based on Northern blots. Mitochondria were repelletted by dilution of gradient fractions with 3 volumes of ice-cold 1 xDEV, followed by centrifugation at 18,000 g,,^ for 25 mins at 4°, and used immediately for mtDNA extraction. Extraction of mtDNA Mitochondrial pellets were resuspended in approximately 5 volumes of NET (100 mM NaCl, 1 mM EDTA, 10 mM Tris/HCl pH 7.4), lysed on a magnetic stirrer by addition of SDS to 0.5% and proteinase K (BCL) to 150 /tg/ml, and stirred at room temperature for 10 mins. Total nucleic acid was isolated by successive extractions with phenol/sevag and sevag (4% v/v isoamyl alcohol in CHC1 3 ), followed by isopropanol precipitation. Dried pellets were resuspended in TNM (100 mM NaCl, 1 mM MgCl 2 , 10 mM Tris/HCl pH 7.0) and treated with boiled RNase A (Sigma) at 100 /ig/ml for 30 minutes at 37°. MtDNA was recovered by proteinase K digestion, phenol extraction and reprecipitation. DNA pellets were resuspended in TE (1 mM EDTA, 10 mM Tris/HCl pH 8.0), and contaminating oligoribonucleotides were removed by gel-filtration over Biogel A-15 (BioRad). In some experiments (see figure legends) a cruder preparation was used, which was obtained by lysing whole eggs in NET, as above, with two rounds of phenol/sevag extraction. Closed circular mtDNA was recovered from such preparations by isopycnic banding on CsCl/EtBr gradients.
Genomic subclones of sea urchin mtDNA
The construction of subclones of sea urchin mtDNA in M13 vectors for use in these experiments has been described elsewhere (9, 22) . Fig. 1 summarizes the location and orientation of these subclones with respect to the organization of the genome and relevant restriction sites. Details of subclones not described previously are given in the legend to Fig. 1 .
OU.gonucleotid.es
Oligonucleotides were synthesized as described previously (9), based on the sequence of 5. purpuratus mtDNA. Details of map locations, strand assignments, and sequences are indicated in Fig. 1 and legend. Synthesis of strand-specific probes from Ml 3 recombinants Probes were prepared by primer extension of approximately 200 ng of M13 templates in HM buffer (30 mM NaCl, 5 mM MgCl 2 , 10 mM Tris/HCl pH 8.0), essentially as described by Hu and Messing (23) , using either the M13 17-nucleotide probe primer (BRL), the M13 universal 17-nucleotide (sequencing) primer (BRL), or synthetic oligonucleotide primers (see Fig. 1 ), plus [a- 32 ?] dATP (NEN; 800 or 3000 Ci/mmol) and Klenow DNA polymerase (NBL or NEN). Further relevant details are given in the figure legends. Reactions (15 /tl) were stopped by the addition of 1 /tl of 0.5 M EDTA. Probes synthesized using the probe primer were used without denaturation: other probes were denatured immediately prior to use by addition of an equal volume of formamide (Sigma, ACS grade), and heating at 80° for 2 mins, followed by quenching on ice.
Solution hybridization to native mtDNA 25% of the mass of probes synthesized as described above was hybridized at 37° for 3 hours, with 500 ng of native sea urchin egg mtDNA, in 12 y\ reactions containing 33% (v/v) formamide, 5 XSET (24), 0.25 xHM buffer, 10 mM EDTA. Control hybridizations contained no mtDNA. These conditions were found to be optimal for the hybridization of single-stranded probes to single-stranded regions in native mtDNA, in a series of trial reactions using different formamide concentrations. Reaction products were analyzed by 0.7% agarose gel electrophoresis and autoradiography. Nuclease treatments of mtDNA 5 ng aliquots of sea urchin egg mtDNA were linearized with Bgfll (BRL) or DNase I (Sigma), under conditions recommended by the enzyme manufacturer, or treated with various concentrations of SI Nuclease (Sigma), for 30 mins at 37° in SI buffer (200 mM NaCl, 2.5 mM ZnSO 4 , 25 mM sodium acetate pH 4.5). 1 /ig aliquots of mtDNA were digested with 2, 0.2, 0.02 or 0.002 units of RNase H (BRL) in the recommended buffer for 60 mins at 37°. Nuclease reactions were stopped by the addition of EDTA to 10 mM, and mtDNA was recovered by phenol/sevag extraction and isopropanol precipitation.
Gel-blot hybridization
After electrophoresis an 0.7% agarose gels containing 500 ng/ml Ethidium bromide (EtBr), followed by destaining overnight in water, mtDNA samples were blotted to Biodyne (Pall) membrane under standard conditions (25) . Blots were hybridized at 68° in 5XSET hybridization buffer (24) containing 10 /tg/ml poly(Q (BCL) and 20 /tg/ml poly (A) (BCL), plus all standard constituents, to denatured probes for M13 subclone K34 (see Fig. 1 ), synthesized as described above. Final washes were in 0.2 X SET wash buffer at 68°. 57 mapping Single-stranded probes were synthesized from recombinant clone Q4 primed with synthetic oligonucleotides as detailed in the legend to Fig. 6 , and hybridized overnight at 37° with 1.5 /tg of native mtDNA as described above. After isopropanol precipitation and reprecipitation from 0.3 M Sodium acetate pH 6.0, reaction mixtures were resuspended in 48 fi\ SI buffer, and 12 /tl aliquots were treated with increasing concentrations of SI nuclease (see Fig. 6 ). Reactions, terminated by the addition of 1 /il 0.5 M EDTA, were electrophoresed on neutral 0.7% agarose gels. DNA migrating with the approximate mobility of mtDNA was removed by electroelution onto DE81 papers (Whatman), eluted in 1.5 M NaCl, 0.2 M NaOH, isopropanol precipitated, and sized by 5% polyacrylamide/urea gel electrophoresis alongside marker sequencing reactions.
RESULTS
Molecular state of sea urchin egg mtDNA
As isolated by the procedures described, sea urchin egg mtDNA comprised a mixture of at least three molecular structures resolved by agarose gel electrophoresis (Fig. 2) , all of which hybridized with cloned mtDNA probes. These forms, which we denote A, B and C, were interconvertible by a variety of procedures. Limit digestion with the restriction enzyme BglH, for which there is a single recognition sequence in the genome (nt 13249), converted forms A and B to material which co-migrated on gels with form C, and whose size corresponds with the 15.65 kb linearized genome. In addition, two fainter bands of 7.4 and 8.2 kb were visible, created by a polymorphic BgRI site in the 16S rRNA gene (probably nt 5664) present in a minority of molecules in the preparation (derived from the pooled eggs of 7 females). Treatment with increasing concentrations of DNase I or 7) with no pre-treatment, (lanes SI nuclease also linearized the mtDNA. Electrophoresis in gels containing 500 ng/ml Ethidium bromide (EtBr) converted much of form B to a faster migrating species, which we denote as form D. Material whose mobility was lower than that of linearized mtDNA in these gels migrated as a diffuse band (denoted B'), which may represent a mixture of nicked circular molecules and partially supercoiled topoisomers (Fig. 2b) . We infer that the majority of egg mtDNA as isolated comprised covalently closed relaxed circles, with minor populations of molecules containing single and double-strand nicks. An additional, very minor species (form A), considerably retarded with respect to all other molecular forms, was observed on both EtBr-containing and EtBrfree gels, and probably corresponds with intercatenated circles. Prolonged treatment with topoisomerase I resulted in a small increase in the representation of this form relative to form B (not shown).
Treatment with SI nuclease, under conditions which linearized approximately 30% of the circular molecules, followed by BglR digestion, generated two specific sub-fragments, one of which migrated at about 12.2 kb, and was just visible by EtBr-fluorescence, the other of which was detectable by gel-blot hybridization to a probe for an internal region of the cytochrome b gene, and whose size was about 3.4 kb (Fig. 2b) . This indicates that SI nuclease introduces double-strand nicks at a specific site which maps within the unassigned sequence lying between tRNA^ and tRNAp TO . The experiment of Fig. 2c shows evidence for an SI hypersensitive site close to the 'G-string', when this region is cloned in a prokaryotic plasmid. This is lost, however, after relaxation of supercoils with topoisomerase I, which suggests that the SI hypersensitive configuration of this region in (predominantly relaxed circular) egg mtDNA is maintained by some mechanism other than supercoiling.
Strand-specific hybridization of single-stranded probes with native mtDNA
We reasoned that the unpaired strand of a D-loop should be available for hybridization to strand-specific probes in solution, and have used agarose gel electrophoresis to detect the reaction products. In the first assays, probes were labelled by the Hu/Messing procedure (23) , involving extension of the M13 probe primer in the presence of limiting concentrations of a radioactive nucleotide. Because such probes are used without denaturation, they avoid the potential problem of 'template bridging', hence are absolutely strand-specific. The predicted reaction product from hybridization of such a probe to a D-loop region in native mtDNA should migrate somewhat slower than the predominant molecular form of mtDNA on neutral agarose gels. As a positive control, such probes should hybridize to recombinant ssDNAs of the complementary strand, creating a reaction product which migrates at approximately twice the apparent molecular weight of the probe. Probes synthesized from clones Q4 and CD5, which are opposite strand recombinants in the region of the unassigned sequence (22) , were, as predicted, mutually complementary (Fig. 3a) , but only one, CD5, hybridized reproducibly to native sea urchin mtDNA, generating a reaction product whose electrophoretic mobility was somewhat less than form B (relaxed circular) mtDNA. Probes HP1 and HP2 (see Fig. la) , representing a region of the genome in which we did not expect to detect a D-loop, namely the junction between the genes coding for the large subunit (16S) rRNA and cytochrome oxidase subunit I (COI), were completely negative in this assay (not shown). The hybridization of CD5 probes to native mtDNA was effectively abolished by pre-treatment of the mtDNA with SI nuclease, under conditions which linearized approximately half of the relaxed circular molecules (Fig. 3b) : only a faint signal can be seen on long exposure, which corresponds with a minor product detected in reactions with untreated mtDNA. In order to localize the unpaired region more precisely, we used denatured M13 probes synthesized from the opposite strand clone (Q4), using synthetic oligonucleotide primers, and from other recombinants representing restricted portions of Q4 and adjacent sequences. Hybridizations using short (linear) probes of this type were much more efficient than the topologically constrained reactions shown in Fig. 3 (which themselves probably depend upon a minority of linearized probe and driver molecules). As seen in Fig. 4a , a probe synthesized from clone Q4 using the M13 universal primer (covering segments of the small subunit (12S) rRNA and NADH dehydrogenase subunit 1 (ND1) genes, as well as the entire tRNA cluster and unassigned sequence), hybridized in solution with native mtDNA to generate a reaction product which migrated on agarose gels somewhat slower than form B mtDNA, which we designate 'product 1'. A faint band is also seen which has a slightly greater mobility (designated 'product 2')-These reaction products were also visible (Fig.  4a, 4b ) when probes were synthesized using oligonucleotide primers oligo-56 or oligo-202, which correspond with sequences in tRNA^r and the most 12S-proximal part of the unassigned sequence (see Fig. 1 ) and when the deletant clone Q4@l, lacking all 12S sequences, all of tRNAg| U and most of tRNA,),, was used. Probes primed with oligo-437, corresponding with the 12S-distal end of the unassigned sequence, or with oligo(G), were totally negative (Fig. 4b) . Other probes specific for regions of Q4 beyond the unassigned sequence on the ND1 side were also negative, even at long exposure (see Fig. 4b ), including those prepared from clones D2 (tUNA^/tRWA^, D3 (tRNAma/tRNAvj,) and Tl (tRNAyaj-NDl). In all cases, the probes hybridized well with their own templates and its multimers ('product 3'). These reactions were again sensitive to pre-treatment of the mtDNA with SI nuclease, under conditions which linearize approximately 30% of circular molecules (Fig. 4c, 4e ), but were not abolished by linearization with BglK, though they were somewhat diminished by this treatment.
The overall reaction efficiency, as well as the ratio of product 2 to product 1, showed a reproducible increase in traversing the series of probes generated from clones Q4 and Q4@l, and moving towards those probes centred on the unassigned sequence region i.e. universal primer < oligo-56 primer < Q4@l < oligo-202 primer. Although we have not ascertained the precise nature of products 1 and 2, a possible explanation for this phenomenon is that probes which extend significantly beyond the unpaired region in mtDNA should form bridging complexes between the circular template and mtDNA (which may represent product 1), whereas short probes mainly complementary to the unpaired region of mtDNA, with only minimal 'overhangs' homologous just to the template at either end, should form these complexes less efficiently, but should react more strongly to circular or linear mtDNA alone (which may represent product 2). Oligo 202-primed probes also formed product 1 more efficiently when lower specific activity precursor nucleotide was used (compare Fig. 4a , using 3000 Ci/mmol [a-32 ?] dATP, with Fig. 4b, 4d and 4e, using 800 Ci/mmol precursor). Synthesis of such probes is radioactive precursor-limited, hence use of the high specific-activity label generates shorter probes, with an expected average size of only about 120 nt.
Reactions using probes specific for sequences on the 12S side of the unassigned sequence were also essentially negative (Fig. 4a) , including clones TZ1 (3' end of 12S), F32 (internal portion of 12S), SP16 (3' end of cytochrome b, tRNAph,. and 5' end of 12S) and K34 (5' portion of cytochrome b). These probes did, on long exposure (not shown), give a very faint reaction product comigrating with product 1, which may indicate that a small proportion of mtDNA molecules have a more extensive D-loop, possibly due to minute contamination of the egg preparation with immature oocytes, which contain replicating mtDNA molecules. Given that the strongest (and most product 1-specific) reactions were obtained with oligo-202-primed probes using high specific activity label, whereas oligo(G)-and oligo-437-primed probes were negative, it seems reasonable to infer that the boundaries of the unpaired region lie close to the junction of the unassigned sequence and tRNA,ô n the 12S side, and upstream of the G-string on the ND1 side. The results of these experiments are summarized in Fig. 5 .
The inference that the unpaired strand is due to a true D-loop, rather than some other unpaired structure, is supported by the thermal stability experiment of Fig. 4e . Egg mtDNA was preincubated in 1X SET at increasing temperatures and quenched on ice, before the addition of denatured oligo-202-primed probes. Native mtDNA heated at temperatures of 80° -90° retained the ability to hybridize to single-stranded probes, but this was abruptly lost between 90° and 95°, suggesting that the D-strand/parental strand hybrid has a T m between these values. The equation of Britten et al (27) may be used to compute the effective strand length implied by a T m value of 90° -95°, which comes out as 60-120 nt under these salt conditions and overall (G+C) content of the unassigned sequence, though the extended poly(G)/poly(C) tract may confer unusual thermal properties which render this calculation only approximate.
When reacted with mtDNA heated to temperatures above the apparent T m of the Dstrand, Q4 probes were observed to form molecular networks or aggregates which do not enter agarose gels (Fig. 4d) , which could result from 'bridging' between probe, template and released D-strands, now free of the topological constraints suffered by the D-loop in circular mtDNA. Heat treatment had no perceptible effect on the electrophoretic mobility of the mtDNA itself (not shown). One puzzling aspect of this experiment is that even after the 90° -95° transition, mtDNA retained the ability to hybridize weakly with Q4 probes. This suggests that this region of the genome may retain some limited single-stranded character even in the absence of the D-strand, or alternatively, that some of the displaced D-strands are able to re-anneal with mtDNA.
The strand length of the unpaired region has also been estimated by SI mapping. Strandspecific probes were synthesized from clone Q4 by priming with oligo-56 or oligo-202 and hybridized in solution with native mtDNA. After hybridization, reaction products were digested with SI nuclease and electrophoresed on 5% polyacrylamide/urea (sequencing gels) together with marker sequencing reactions. As can be seen in Fig. 6 , both probes gave a major product band of about 80 nt, against a heterogeneous background smear, somewhat suppressed at high SI concentration. These results suggest that the 12S-proximal (3') end of the D-loop lies at or beyond the 5' end of oligo-202, i.e. nt 1085 of the genomic sequence, the nucleotide following tRNA^.. D-strand labelling by the kinase exchange reaction (not shown) also gave heterogeneous reaction products, mainly in the 60-80 nt range.
The final series of experiments using hybridization to native mtDNA was designed to test whether the D-strand is composed of RNA, DNA or both. Fig. 7 shows the results of these experiments in which an oligo 202-primed Q4 probe was hybridized with mtDNA which had been predigested with RNase H, which degrades the RNA strand of DNA-RNA hybrids. Even after treatment with very low amounts of RNase H (0.002 units per Hg of mtDNA) the signal is reduced by approximately 70% (Fig. 7a) . Based on the unit definition for RNase H, the amount of enzyme required to produce this effect suggests that only about 0.1-0.5% of the strand length of egg mtDNA is RNA-DNA hybrid. The effect was not due to incomplete recovery of the RNAse H-treated mtDNA, which was in fact close to 100%: nor was there any perceptible alteration to its mobility on agarose gels (Fig. 7b) . The residual probe hybridization to native mtDNA following RNase H digestion was significantly more thermo-labile than hybridization to untreated mtDNA, as shown by the experiment of Fig. 7c . Heating at 80° in 15 XSET (i.e. 2.25 M NaCl) had no effect, but heating at 90° or 100° at this salt concentration abolished hybridization to mtDNA and promoted the formation of networks. Using the formula of Britten et al (27) , as above, this implies that the RNase H-resistant portion of the D-strand is only 15-20 nt in length. Therefore, the D-loop in sea urchin egg mtDNA appears to be maintained partly by an RNA primer covalently joined to the nascent DNA strand, which is basepaired with the template over 60-65 nt.
DISCUSSION
Map location, strand assignment and quantitation of the D-loop
These experiments demonstrate the existence of a D-loop in sea urchin egg mtDNA and map its approximate co-ordinates as nt 1085 ± 5 -1159 ± 5 of the genomic sequence (for an explanation, see legend to Fig. 8 ). As summarized in Fig. 8 , this implies that though much shorter than the vertebrate D-loop (70-80 nt, as opposed to 500-5000 nt), it nevertheless displays a homologous structure, in that it extends only over the otherwise unassigned sequences, commences downstream of a presumptive promoter (i.e. the adjacent TTATATATAA-like sequence), and begins at or close to an oligo(C) tract (equivalent to vertebrate CSB-U), where duplex distortions may favour template/primer strand basepairing (26) . In addition, the displaced strand, as in vertebrates, is the minor coding (H) (Figs. 4, 7) . SI mapping (Fig. 6 ) and kinase labelling (not shown). The SI nuclease hypersensitive site (vertical arrowheads) lies close to the G-string, based on the gel-blot of Fig. 2c . The failure of oligo(G)-primed Q4 probes to hybridize indicates that the D-loop commences no closer to tRNAp^, than 6 nucleotides into the G-string (nt 1164), based on the formula of Britten et al (27) . The SI mapping experiment implies that the D-loop ends, on the tRNAŝ ide, within the unassigned sequence, i.e at nt 1085 or beyond, and extends maximally for about 80 nt. The SI mapping experiment may slightly over-estimate the D-loop length, since steric considerations may limit access of the enzyme to the ends of the substrate. Based on the size of the major S1 -protected band, plus kinase product heterogeneity, From the amount of probe hybridizing to native mtDNA in these assays, given the inferred D-loop length and the known specific radioactivity of the probes, the minimum prevalence of the D-loop form in the egg mtDNA preparation may be estimated. Such a calculation suggests that the D-loop is detected in only a small proportion of molecules (of the order of 0.1 -1 %). However, this is likely to be a serious underestimate of the prevalance of the D-loop in vivo, due to the possibility that, as a result of its short length, a sizeable proportion of D-loops may have been lost by branch migration during isolation, as may occur in yeast and Drosophila (29, 30) . However, the fact that the D-loop can be detected in linearized mtDNA, albeit at a reduced level, suggests that this may not be a major problem. A more serious handicap is that neither the extent nor the kinetics of hybridization of single-stranded probes to a D-loop in native mtDNA can be accurately predicted, given that this is far from being an ideal reaction, due to the obvious steric problems. The nonideality of the reaction may be inferred from the optimal reaction criterion as empirically determined (5 XSET, 33% formamide, 37°), which is more than 40° below the empirically determined T m of the D-strand adjusted for this salt concentration, taking the normal relation of formamide concentration and T m depression (0.6° per% formamide) for RNA-DNA hybridizations (27) . The SI hypersensitivity observed in a large proportion of egg mtDNA molecules also argues for the prevalence of the D-loop form, given that the hypersensitive site is absent from relaxed form DNA of this region when propagated in a prokaryotic vectior. The possibility that the unpaired strand reflects the formation of a metastable triplex structure (28) , rather than a true D-loop, can be ruled out on the grounds of its observed RNase H sensitivity.
Mechanism of D-loop formation
The proximity of the G-string to the 5' end of the D-loop, strongly suggests a role in its formation, by permitting primer/template base pairing. This could result either from a transition between left-and right-handed helices, which is believed to be induced by such sequences (26) , or from formation of a cruciform or triplex (28) involving the downstream oligo(Y) tract. Since positive supercoils are induced ahead of transcription complexes (31) , formation of the locally unwound (SI hypersensitive) structure, which is supercoildependent, may be a natural consequence of transcription from the primer promoter, leading automatically to primer template base-pairing. It should be noted, however, that in a circular molecule, such superhelicity would be dissipated unless the template were anchored or divergently transcribed (31) .
In vertebrate mtDNAs, the RNA processing event which gives rise to the 3'-OH substrate for extension by mitochondria] DNA polymerase occurs at a site very close to the oligo(C) tract (2,3), but in the sea urchin the transition point appears to be located at least a further 55-60 nt downstream. This raises some doubt as to whether the mechanism of primer 3' end lOrmation will prove to be analogous in the two cases. We cannot completely exclude the possibility that the 3' end of the primer and the 3' end of the D-loop are, in fact, coincident, and that the D-loop is therefore an R-loop throughout its length. This can be reconciled with the RNase H experiment by postulating that the secondary structure of the displaced strand is maintained, even when the D-strand is removed by RNase H (Fig.  7) , with the template strand adopting its own (metastable) secondary structure, including the oligo(G)/oligo(Y) palindrome. This would leave the origin region as a cruciform structure, a prediction from which is that single-stranded character should be detectable on both strands after D-strand removal, which is easily testable. The thermal transition observed at 80° -90° in 2.25 M NaCl for RNase H-digested mtDNA would represent the melting out of this secondary structure.
If the RNase H experiment is interpreted to the effect that there is a short DNA component of the D-strand, this would imply an RNA processing event at about nt 1105, in a region containing motifs which resemble vertebrate CSB-in (15, 9) and also CSB-II (but in the opposite orientation). If the D-strand is RNA throughout its length, however, a radically different mechanism may underlie primer 3' end formation, based on an analogy with the properties of the 'optional' transcriptional terminator found in mammalian mtDNA beyond the rRNA genes (32, 33) , which is also known to bind a protein (33, 34) . A terminator at the boundary of tRNA^ could serve three functions: (i) to terminate transcription of the H-strand, thereby preventing 'antisense' readthrough transcription of the replication origin, which may disturb its topology and inhibit primer/template basepairing; (ii) to create the 3' end of the replication primer by transcriptional termination, thereby dispensing with the need for the MRP function (4) as well as for a specific primase; (iii) to block the onward passage or reinitiation of DNA polymerase, thereby maintaining the mtDNA in a non-replicating configuration. Relaxation of the interaction would create conditions permissive for D-strand extension (i.e. productive replication), but would also ensure that replication was limited to a single round, by suppressing primer formation both at its 3' end (by abolishing the required transcriptional termination event) and at its 5' end (by altering the topology of the origin region through removal of anchorage or antisense readthrough). The observation of replication pause sites at other positions of putative transcriptional termination in sea urchin mtDNA (35) supports such a model. An 18 bp sequence just downstream of tRNA,^, imperfectly re-iterated (12/18 matches) within the 3'-terminal region of tRNA^, could represent a binding site for such a protein.
Developmental regulation of mitochondrial transcription and replication
The generally accepted idea, that in vertebrate mtDNAs the maintenance of an adjacent D-loop is in some way involved in the regulation of transcription of the H-strand, e.g. by altering the topology of its otherwise relatively weak promoter (8, 13) , may need to be re-evaluated in the light of our observations on sea urchin mtDNA. The promoter for primer synthesis in sea urchin mtDNA is almost certainly the TTATATATAA-like sequence just 5' to the D-loop. Since TTATATATAA is palindromic, it most likely functions bidirectionally (36) , which suggests co-regulation of primer synthesis and H-strand transcription, though we cannot rule out a role for upstream (or downstream) elements, or the D-loop itself, in modulating transcription differentially on the two strands. In any event, unlike vertebrate mtDNAs, where the H-strand promoter adjacent to the D-loop is required for rRNA synthesis as its first major transcription product, the sea urchin mitochondrial rRNAs are probably transcribed off other TTATATATAA-like promoters in the genome, and their high synthetic rates determined post-transcriptionally (22, 35, 36) . D-loop formation, on this model, would have no obvious role in regulating transcriptional initiation for the major classes of sea urchin mtRNA, though it may be critical for correct transcriptional termination. This may, in turn, be essential for specifying the post-transcriptional processing pathways appropriate to different developmental stages (22) .
The absence of mtDNA replication during embryogenesis suggests that one of the critical steps in the initiation of this process is blocked. Detection of the D-loop makes it unlikely that this step is transcriptional initiation or primer 3'-end formation, which leaves D-loop extension as the logical candidate. An obvious potential control at this stage would be the level of mitochondrial DNA polymerase itself. Alternatively, if D-loop formation depends upon a sequence-specific mtDNA-binding protein, one may hypothesize that destruction of this protein or modification of its DNA-binding properties may be the important developmental step in restoring somatic type 'cell-cycle' control (37, 38) over mtDNA synthesis.
Evolutionary implications
The mitochondrial D-loop is clearly not a recently evolved structure confined to vertebrates: parallels can, in fact, be drawn with the mode of replication of chloroplast DNA (39) and even of prokaryotic plasmids (e.g. Col El; Ref. 40) , notably in the lengthy base-pairing between primer and template strand. A puzzling question which remains is why sea urchin mtDNA can manage with 121 bp of unassigned sequence to create a D-loop, whereas Xenopus (41) and some Drosophila species (30, 42) require up to 5 kb in an otherwise highly economical genome, for the purposes of initiating and regulating replication. Moreover, Drosophila mtDNAs exhibit a high degree of evolutionary and developmental plasticity in this region (30, 43) , whereas sea urchin mtDNA does not. Clearly, much remains to be learned about the precise functions of the mitochondrial D-loop and the constraints on its evolution. sea urchins against considerable bureaucratic obstacles, and to Margaret White for the typescript.
